Asymmetric biphenyl type polyimides (PI) were prepared by thermal imidization of polyamic acids (PAA) derived from 2,3,3',4'biphenyltetracarboxylic dianhydride (a-BPDA) and p-phenylenediamine (PDA) or 4,4'-oxydianiline (ODA). The degrees of molecular orientation, film densities, and dynamic mechanical properties of these PIs were compared with those of familiar PIs based on symmetric 3,4,3',4'biphenyltetracazboxylic dianhydride (s-BPDA). PI(a-BPDA/PDA) cured at 350°C showed a Tg close to that of PI(s-BPDA/PDA) prepared under the same condition in spite of the bent chain structure of the former. Comparison of the PIs cured at 400°C manifested that PI(a-BPDA/PDA) has a Tg at 410°C (abrupt decrease in E') whereas PI(s-BPDA/PDA) show no distinct Tg. Similar result was also observed for the ODA systems. The unexpectedly high Tgs of a-BPDA-based PIs were explained in terms of the restricted conformational change around the phenyl-phenyl bond in the a-BPDA unit. The difference of the E' decrement at the Tg for both type of PIs are probably attributed to the difference of the intensity of intermolecular interactions. In PI(a-BPDA/ PDA) thin film cured on a substrate, the segments unexpectedly align slightly to the film plane.
al. [18] discussed the PI chain structure-Tg relationship, i.e., the influence of the position (whether in dianhydride or in diamine moieties) and the fraction of flexible groups (-0-, -S-, -CH2-, -SO2-, -CO-) as a "hinge" on the Tg . In the present paper, polyimides composed of a new type of monomer with an inflection point, a-BPDA, which may not belong to the category of "flexible" groups mentioned above, is focused. Inoue et al. [12] reported first the thermal properties of an a-BPDA type polyimide (a-BPDA/ODA) film. We describe here the difference of the intensity of intermolecular interactions responsible for the difference between the dynamic mechanical properties of a-BPDA-and s-BPDA polyimides. Fig.1 Chemical structures of polyimides and their model compounds used. 368 
Experimental Section
Materials. PAAs were prepared by adding the equimolar amount of s-BPDA (Woko Pure Chemical Industry) or a-BPDA powder into the DMAc solution of PDA (recrystallized from ethyl acetate) or ODA (recrystallized from toluene/DMF (10/1)) with continuous stirring at room temperature for 2 h. a-BPDA monomer [19] was supplied from the institute of space and astronautical Science. s-BPDA (without purification) and a-BPDA recrystallized from toluene/acetic anhydride (24/1) were vacuum-dried at 200°C for 24 h before polymerization. The reduced viscosities of PAAs (0.5 wt% in DMAc at 25°C) were 2.6 dl g 1 for a-BPDA/PDA and 1.6 dl g-1 for a-BPDA/ODA. PAA films (20-30 µm thick) prepared by bar-coating the DMAc solution on a glass plate at 60°C for 2 h were thermally imidized in free-standing state upon a given thermal program. The densities of PI films prepared upon various cure program were measured at 25°C using a density gradient column composed of xylene-CC14 mixtures.
The corrected intermolecular charge-transfer (CT) fluorescence spectra of PI films [2] [3] [4] were recorded at room temperature in a front-face reflection geometry (excitation: 350 nm, sharp-cut filter:
L-39, bandpass: 10 nm (excitation side) and 20 nm (emission side)) on Hitachi F-2000 fluorescence spectrometer. Uv-vis absorption spectra of the model compounds in dichloromethane were taken using Jasco V-520 spectrophotometer.
Polarized infrared absorption spectra (transmission mode) for PI films cast on a silicon wafer were recorded at a constant incidence angle of 60° on Jasco FT-IR 5300 spectrometer equipped with a KRS-5 polarizer (Jasco PL-81) to estimate the degree of in-plane orientation of PI chains. [10] The anhydride groups formed in PAA films in the course of stepwise annealing were conventionally followed by the absorbance ratio of the 1850 cm 1 to 1515 cm 1 (1,4-phenylene stretching) bands. wt%) in PAA films of a-and s-BPDA/PDA (17 µm thick for both). An endothermic peak due to imidization in the DSC thermograms was observed at 154°C for the former and 171 °C for the latter.
Results and Discussion
In stepwise thermal imidization processes, a back reaction of acylation occurs partially to form the amino and anhydride terminal groups, and by additional higher temperature annealing the formed reactive groups recombines, so that finally imidization completes. Fig.2 illustrates the changes in the relative amount of anhydride group as a function of cure temperature upon stepwise cure (annealed at each temperature for ten min). Roughly speaking, the film brittleness results from the formation of the terminal anhydride and amino groups (molecular weight decrease). In fact, PI(a-BPDA/PDA) film became tough upon annealing at temperature higher than 350°C where the anhydride groups disappeared. suppressed internal rotation around the phenyl-phenyl bond, that is, very low configurational entropy (factor 1).
However, the bent structure in a-BPDA/PDA chains makes the interchain packing loose, consequently it weakens the intermolecular interactions (factor 2). As demonstrated in Fig.5 , comparatively low densities of PI(a-BPDA/PDA) films manifest the low degree of molecular packing. The loose molecular packing caused by the bent structure prevents the formation of low enthalpy glass, so that it also contributes to a decrease in Tg.
For semi-rigid PI(s-BPDA/PDA), the Tg increases with increasing annealing temperature, corresponding to the increase in the film density (see Fig.5 (1)) and to an increase in the intermolecular CT fluorescence intensity. [10] This demonstrates that for the semi-rigid PI the intensity of intermolecular interactions (factor 2) plays an important role to elevate the Tg.
The consideration mentioned above leads us to conclude that the entropy effect (inhibited internal rotation) is predominant to raise the Tg of PI(a-BPDA/PDA) compared with the enthalpy effect. I Photopolym. Sci. Technol., Vol. 9, No. 2, 1996 Hence, these results suggest that not only the interaction between the biphenyl diimide fragments, but also the intermolecular molecular CT interaction contributes somewhat to inhibition of the abrupt E' decrease for semi-rigid s-BPDA/PDA system.
The bent structure of PI(a-BPDA/PDA) prevents both types of interchain interactions as physical crosslinks (see the abrupt decrease in E' at Tg in Fig.6 (b) ). Therefore, it is very important to get information on the most stable steric structure (dihedral angle) in glassy state, together with the rotational barrier for conformational change as described above. Unfortunately, we have in the present stage no experimentally determined dihedral angles around the phenyl-phenyl bond in a-BPDA unit.
To estimate qualitatively the degree of phenyl-phenyl conjugation as a function of the dihedral angle, we measured the uv-vis absorption spectra of the model compounds in solution ( Fig.7) . If for biphenyl derivatives the phenyl-phenyl dihedral angle is close to right angle, the absorption spectrum similar to the simple twofold of the spectrum of the corresponding monomeric unit (phenyl derivatives) is observed, but a spectral red-shift and enhancement of the band intensity become marked as it approaches coplanar structure [24, 25] As we reported previously [26] , Fig.7 . This indicates that the phenyl-phenyl conjugation for a-BPDA model is much weaker than that for s-BPDA model, and suggests that the dihedral angle of the former is not right angle but close to it, since the spectrum is stronger and red-shifted than the twofold of the M(PA/AN) spectrum. 9-phenylphenanthrene (see Fig. l for its structure) as a steric structure model of the a-BPDA unit represents an absorption spectrum similar to that of phenanthrene [24, 28] ; this suggests that the phenyl-phenyl dihedral angle in the a-BPDA unit is most likely close to normal and supports the conclusion from the absorption spectra.
Figs.8 (a) and (b)
show the E' and E" curves for PI(s-BPDA/ODA) and PI(a-BPDA/ODA) films.
We first searched a cure condition common to both PIs; since PI(s-BPDA/ODA) film cured at 250°C in free-standing state is flexible and has a distinct Tg at 290°C (abrupt E' decrease) [29] , the film deforms considerably upon annealing at temperatures higher than 300°C. PI(a-BPDA/ODA) film cured at 250°C is, however, very brittle. Then, both PI films were annealed at 350°C for 1 h in a frame after free-standing precure at 200°C for 3 h to obtain flat films suitable for the dynamic mechanical measurements. For the bifix-cure PI(s-BPDA/ODA) film ( Fig.8 (a) ), a glass transition was observed still at 280°C although the decrement of E' at Tg became moderate (broadened E" peak). On the other hand, surprisingly, PI(a-BPDA/ODA) possessing more bent chain structure provided a distinct Tg = 320°C higher than that of PI(s-BPDAIODA). One possible explanation about this abnormal result is that the conformational changes in the former is more suppressed than that in the latter, as described for the PDA systems. We found that s-BPDA/PDA chains highly align spontaneously parallel to the film plane through on-substrate cure or bifix cure and that the degree of in-plane orientation depends strongly on film thickness in the case of free-standing cure [7, 8, 10] Unfortunately, bifix and on-substrate cure of a-BPDA/PDA thick films generates cracks, but it is possible to form good films in the case of on-substrate cure of thin film. We measured the infrared absorption dichroic ratios of the imide carbonyl symmetric stretching band peaking at 1774 cm" 1, which has a transition dipole along the chain axis, at a constant incidence angle of 60°. In this measurements, the dichroic ratio takes unity if polymer segments orient three-dimensionally random and decreases as the in-plane orientation proceeds. PI(s-BPDA/PDA) showed the value of 0.738, indicating that the segments highly align parallel to the film plane. On the other hand, in spite of its More detailed studies on the microstructures of a-BPDA-based homopolyimides and the properties of a-BPDA PI-containing composite systems are in progress and will be reported elsewhere.
